ABSTRACT
INTRODUCTION
Similarly, a crack depth ratio for the crack in the vertical walls is defined as α V = a V /D (α V ≤ 148 1.0). An overall crack depth ratio α is further defined as, 
156
The additional strain energy brought by the crack U c can be established according to the 157 fracture mechanics theory as equal to the fracture energy:
where, G is the energy release rate and A c is the effective crack area. The relationships For the cracked beam element considered in Fig. 2 , only the first SIF K I needs to be 167 considered for crack in Stage 1 whereas only the first two SIFs, K I and K II , exists for Stage 2.
168
As the beam wall thickness is relatively thin, the crack problem is treated as plane stress.
169
The formulations of the first two types of SIFs can be expressed as (Liu, 1996; Tada et al., With the total strain energy of the cracked beam, the flexibility can then be obtained by
195
invoking Castigliano's theorem as:
where, c ij is the total local flexibility and F i is the force applied on the i 
where, i, j = 1, 2, 3, and F 1 =P, F 2 =Q, F 3 =M.
208
It can be seen that there are 2 parameters representing explicitly the crack information in 209 c ij , namely crack depth a and crack location l c .
210
The complete 6×6 stiffness matrix for the element can be obtained by inverting the flexibility matrix and satisfying the force equilibrium in the elements, as follows:
where C is the 3×3 flexibility matrix with c ij as its elements. T is the transformation matrix, if the crack location is found to be too close to one end of a cracked element, and this will be 336 discussed further in the next sub-section.
337
Crack damage identification using the cracked beam element model 338 The cracked beam element model is subsequently used for crack identification in the 339 beams. The crack identification is carried out via a finite element model updating procedure.
340
The beam element model established in the previous sub-section is adopted for updating. For ( ) Table 2 .
368
The updating results of the four cracked beams are given in Fig. 8 . It can be seen that the 369 cracked element is identified correctly for both beams (element 2 in both cases), and the 
399
The same square box beam as shown in Fig. 6 is used in the verification. But now a much frequencies is shown in Table 3 .
409
It can be seen that the cracked beam element model is able to predict the first couple 
412
As mentioned earlier this is attributable to stronger presence of warping, distortion and shear-413 lag effects in the thin-walled section.
414
In terms of the relative shifts of the natural frequencies brought by the crack as defined in 
Test specimens

439
Five square steel box-section beams with dimension as B × t s × L = 100 × 5 × 1200 mm
440
were prepared in the modal testing programme, as shown in Fig. 11 .
441
The beams are labelled as H0, H1-H4 in sequential order, with beam H0 being an intact 442 beam as the reference. Beams H1-H4 are cracked beams, and the cracks all propagate into the 443 vertical walls (i.e., having the form shown in Fig. 1(b) ). The arrangements of the cracks were that it is a common practice to create cracks using saw-cut in laboratory studies, and it is 450 generally established that the stress intensity factors for real crack tips are applicable to the tips of deep slender notches (Tada et al., 2000) . Therefore, the cracked beam element model
452
can be applied to the tested specimens with notches directly. Detailed information of the 453 cracks is presented in Table 4 . signals were set to be 16 s, which was long enough to cover the entire transient vibration.
465
Both the natural frequencies and mode shapes of the beams were measured during the 466 modal testing. To extract the mode shapes, 11 uniformly distributed measurement locations 467 were marked on the beam, as shown in Fig. 12(b) . An accelerometer was attached at location 468 P4 while another one was attached to the bottom side of the beam at the same span location.
469
The reason for such arrangement was primarily to enable the identification of global bending 470 modes and a detailed explanation will be given in the next sub-section. During the tests,
471
impact was applied at each measurement location from P1 to P11 in a routine procedure. 
507
With the above process, the lowest 3 bending modes of the tested box beams can be 
515
Comparison of measured and predicted natural frequencies are shown in Table 5 and 6. It MAC results between the measured and predicted mode shapes are shown in Table 7 . The with Eq. (17) and GA is employed to search for the optimistic solution.
541
The updated results are presented in Table 8 and Fig. 17 . It can be seen that the correct 542 crack element number can be identified for both the single-crack and multiple-crack beams.
543
Compared with the actual crack conditions shown in Fig. 11 and summarized above, it is 
579
The outcome from this study paves a way for the extension of the cracked beam element 580 model to other types of cross-sections for the crack damage identification purposes.
581
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APPENDIX
587
The stress intensity factors (SIF) for square box beams of uniform wall thickness (t s ) can be 588 expressed as follows.
589
For cracks at stage 1: 
For cracks at stage 2: 
